Summary. We present a method for predicting firmness of 'York Imperial' apples after air or controlled-atmosphere storage. Firmness and soluble solids content in freshly harvested fruit can be plotted on a graph showing a "decision line." If the prestorage firmness and soluble solids coordinates for a given sample are above the decision line, then firmness after storage is predicted to be greater than the target value. Prestorage flesh firmness and soluble solids content were the best predictors of poststorage firmness. There was no significant improvement in firmness prediction when ethylene, starch, or other indicators of maturity were included.
Summary. We present a method for predicting firmness of 'York Imperial' apples after air or controlled-atmosphere storage. Firmness and soluble solids content in freshly harvested fruit can be plotted on a graph showing a "decision line." If the prestorage firmness and soluble solids coordinates for a given sample are above the decision line, then firmness after storage is predicted to be greater than the target value. Prestorage flesh firmness and soluble solids content were the best predictors of poststorage firmness. There was no significant improvement in firmness prediction when ethylene, starch, or other indicators of maturity were included.
T he maintenance of apple quality during long-term air or controlled atmosphere (CA) storage depends on the maturity and quality of the fruit at harvest. These characteristics are assessed using various maturity indices. In this paper, the term "maturity index" is used to refer to any measure of fruit maturity or stage of ripening, regardless of whether it is being used as an indication of time of harvest or for determining whether the apples are suited for long-term storage. Common maturity indices include firmness, starch iodine pattern, soluble solids content, titratable acidity, and seed color. Internal ethylene concentration should, theoretically, be a useful maturity index because it rises sharply with the onset of ripening, and is believed to coordinate other ripening processes. It is used to predict harvest date for those cultivars (such as 'McIntosh', 'Mutsu' I 'Red Delicious', and 'Empire') in which the onset of the ethylene climacteric precedes the optimum harvest date (Blanpied, 1986; Chu, 1988; Dilley, 1980) . It also may be used to determine which apples are too mature for long-term storage.
Unfortunately, the various changes associated with ripening are not completely synchronous. Their absolute values and rates of change vary with cultivar, season, and orchard site. As a result, the most-useful maturity indices also vary among cultivars and growing regions and must be determined experimentally for each growing area. Reliable maturity indices have not been developed for 'York Imperial', a cultivar that is grown throughout the Cumberland-Shenandoah region of the eastern United States. 'York Imperial' apples are valued by the processing industry in this region for their firmness, processing characteristics, and storage potential. We describe here a method to predict firmness of 'York Imperial' apples after air or CA storage.
Materials and methods
Data collection. 'York Imperial' apples were harvested from eight different commercial orchards in the vicinity of Biglerville, Pa., on five dates in 1989 (25 Sept.; 5, 16, and 26 Oct.; and 6 Nov.) and on four dates in 1990 (26 Sept.; and 5, 15, and 25 Oct.) . On each date, 210 apples, 2.25 to 2.75 inches in diameter, were harvested equally from all compass quadrants of three to 10 uniform trees within each orchard. These apples were divided at random into seven samples of30 apples each. Fruits displaying rot or internal breakdown were not collected. One sample from each orchard and harvest date combination was used to collect maturity data at harvest, and the remaining six samples were assigned to six storage treatments.
On each harvest date, individual apple weight and the presence or abHortTechnology • July/Sept. 1993 3(3) sence of bitter pit and cork spot was recorded. Flesh firmness was measured on opposite sides of each fruit using a bench-mounted Effegi firmness tester. The juice expressed by the firmness tester was collected and combined for the 30 fruit in each sample. Soluble solids concentration of the composite juice samples were determined using a refractometer. Each fruit was cut radially, and the presence or absence of watercore was recorded. Seed color was rated subjectively on a 1 to 5 scale (Table 1) . Starch hydrolysis was evaluated by staining with K-iodine and comparing the pattern with those on a chart developed for 'Delicious' apples (Mrachek, 1983) .
In 1989, internal ethylene concentrations were determined within 24 h of harvest by covering the calyx of each apple with modeling clay, inserting a hypodermic needle through the clay into the seed cavity, and withdrawing a l-ml gas sample. Ethylene concentration was determined by gas chromatography (Shimadzu model GC-8A equipped with a flame ionization detector). In 1990, ethylene evolution rates were determined by enclosing each apple in a 1-pint mason jar for 1 h, then analyzing a 1-ml sample of the headspace atmosphere. In 1990, titratable acidity was determined on pooled juice extracts from 10 representative apples out of each sample. The juice was titrated with 0.1 N NaOH to an endpoint of pH 8.1.
The six storage treatments were: 1) 3 months in air, 2) 6 months in air, 3) 6 months in CA, 4) 6 months in CA followed by 1 month in air, 5) 9 months in CA, and 6) 9 months in CA followed by 1 month in air. Apples were stored at 32F (0C) in air or in CA storage at 32F (0C) under 2.4% O 2 and 1.6% CO 2 . Storage chambers consisted of 55-gal (208-liter) steel barrels fitted with round plexiglass windows, resting lengthwise in a cold storage room. Oxygen and CO 2 were measured and controlled every 6 h with a David Bishop Oxystat 2 (David Bishop Instruments, Heathfield, East Sussex, England) equipped with a Servomex paramagnetic O 2 analyzer and an infrared CO 2 analyzer. The system maintained temperature within ±1F (±0.5C), and O 2 and CO 2 within 0.2% of the target concentrations. Apples were placed in a cooler at 32F (0C) within 6 h of harvest and CA atmospheres were established within 48 h of harvest. Air-stored fruit were kept in the same containers in an adjacent cold storage room.
After removal from storage, the number of bitter pits per apple was recorded, and decay and internal breakdown were rated on ordinal scales (Table 1) . Weight, firmness, titratable acidity, and soluble solids concentration were determined as described above.
Model development and validation. For data collected from individual apples, the data were averaged for the 30 apples in each sample. Thus, for regression analysis, each orchard and harvest date combination was treated as one observation (replicate) within a storage treatment. Each apple was a subsample within the observation. This pooling allowed use of the means of the ordinal variables (e.g., rot, seed color, and starch ratings) as continuous variables because, according to the central limit theorem, the means of a large number of observations (in this case, 30) will be approximately normally distributed.
Multiple linear regression models were constructed to predict post storage quality from at-harvest maturity data. Storage treatments were included in the models as indicator variables.
Stepwise and maximum R 2 improvement selection procedures and all possible subset regressions were used to determine the importance ofpredictor variables. For each model, the coefficients were estimated separately for each storage treatment using predictor variable × treatment interactions. The interactions were tested using partial F tests and only significant (α = 5%) interactions were retained. Selected models were compared in terms of R 2 , adjusted R 2 , mean squared error (MSE), Mallows' conceptual predictive criteria (C p ), and prediction sum of squares (PRESS). Residuals were analyzed to check for the presence of outliers, nonconstant error variance, and omission of important predictor variables.
To cross-validate the final model, the data were split by assigning each sample to an estimation or validation data subset at random. The regression parameters were estimated using the estimation data subset, and these estimates were used to predict outcomes for observations in the validation data subset (Montgomery and Peck, 1982) .
Results
Three models were developed to predict poststorage firmness using predictor variables identified by the selection procedures. Because decayed apples are culled before processing, all data from decayed apples were excluded before developing these models.
Flesh firmness at harvest was the best single predictor of poststorage firmness. Soluble solids was also highly significant and further reduced the MSE by about 25% (Table 2) . When soluble solids and firmness were in the model, the year × slope interaction was not significant; i.e., a single model accurately described the data from both years of testing. Seed color rating contributed significant new information, but the improvements in R 2 and MSE were small compared to the contributions of firmness and soluble solids (Table 2) . When the models were fit separately to each storage treatment, 320 the contribution of prestorage soluble solids to the model was not significant for air storage treatments, and prediction was better for CA storage than for air storage. For example, for air storage treatments the R 2 values for Model II were <0.54, while those for CA treatments were >0.76. Estimated regression equations from Model II for each storage treatment are given in Table 3 .
Date of harvest was not a good predictor of poststorage firmness. The best model (not presented), which used harvest date as the only predictor, had an R 2 of 0.53; i.e., the model explained only 53% of the variability in poststorage firmness. In contrast, Model I, which used at-harvest firmness as the only predictor, had an R 2 of 0.72. Date of harvest could effectively replace soluble solids in models that used two predictor variables (e.g., Model II). A model (not presented) using at-harvest firmness and date of harvest as predictors had an R 2 and other measures of fit comparable to Model II. Soluble solids and date of harvest were intercorrelated. When either predictor was included in a model, the other contributed no significant new information. We chose to use soluble solids because storage operators can measure it themselves when receiving the apples. Furthermore, the harvest dates were fixed in our experimental design, They were chosen to ensure a range of at-harvest maturity and were not intended as predictors.
Sliding scales were developed from Model II. For each storage treatment, poststorage firmness was set to a target value and the regression equation was solved for prestorage firmness when prestorage soluble solids were 8° or 14°Brix. These coordinates were used to plot decision lines onto graphs with prestorage soluble solids on the horizontal axis and prestorage firmness on the vertical axis. Thus, a sample with prestorage firmness and soluble solids coordinates above the decision line for a given treatment was predicted to have a final mean firmness greater than the target value after that storage treatment. We chose a value of 18 lb (80 N) firmness for our decision line because fruit with mean firmness above that value may be used successfully for any of the processed products (slices, sauce, juice). The sliding scales correctly classified 89% of all samples and 93% of the CA-stored samples (Fig. 1) .
Analysis of residuals is an important technique for judging the fit of regression models. The residual for a given observation is defined as the difference between the observed and fitted value. When plotted against the Y values, the residuals for a good model will be distributed randomly and normally in a horizontal band centered around zero (Neter et al., 1985) . While residuals indicate how a regression model fits the data that were used to develop it, they do not assess the qual-ity of future prediction. In fact, the least-squares estimation procedure is designed to produce residuals that are smaller than the true prediction errors (Meyers, 1990) . In cross-validation, a regression model is used to predict outcomes for an independent set of data; i.e., data that were not used to estimate the model parameters (Meyers, 1990; Montgomery and Peck, 1992) . If the model is an effective predictor, it follows that the prediction errors (the difference between the observed and predicted values) should be similar in magnitude and distribution to the residuals for the data used to estimate the model parameters. This was the case for Model II (Fig. 2) . Data splitting and cross-validation indicated that Model II could predict poststorage firmness effectively for data that were not used to estimate the coefficients.
The sliding scales also were crossvalidated by using parameter estimates from the estimation data subset to plot decision lines for each treatment (not shown). These scales correctly classified 84% of all the samples in the validation subset and 93% of the CA treatment samples.
Discussion
Growers currently estimate the approximate harvest date for each apple cultivar based on previous optimum harvest dates in their orchards. The harvest dates may be adjusted for yearto-year variation based on observations of bloom date, fruit size, color development, starch rating, seed color, and other maturity indices. Growers of 'York Imperial' apples could improve their harvest date and sequence estimates by using the decision lines presented in this paper. Of the potential maturity indices tested, our results indicate that prestorage firmness and soluble solids (both measured easily in the field) were the best indicators of potential poststorage quality. Other indices, including ethylene production and starch index, were statistically significant for some treatments, but did not improve the predictive performance of the model. Seed color gave a small improvement in prediction of poststorage firmness. We did not include it in the model, however, because variations in assigned ratings among evaluators would reduce the accuracy of the model.
Two variables that are useful maturity indices in other apple cultivars, the starch-iodine test and ethylene concentration/emanation, did not help predict poststorage quality in our study. Ethylene is difficult to use as a maturity index, and requires expensive equipment and a trained operator (Blanpied, 1986; Chu, 1988; Dilley, 1980) . The starch-iodine test is simple and used widely for certain cultivars (Lau, 1985; Watkins et al., 1982) , but iodine is a poisonous chemical, requiring careful handling and disposal. Storage operators can save time and money by using firmness and soluble solids measurements to make storage decisions about 'York Imperial' apple.
Other variables also have important effects on processing quality, particularly defects and presence of pathogens or insect damage. We found no useful models to predict decay (R 2 < 0.2), bitter pit (R 2 < 0.15), or senescent breakdown (R 2 < 0.5). Storage operators would have to rely on past experience and the results of others to judge the likelihood that these disorders would emerge as problems during storage. For example, models have been developed to predict decay and disorders such as bitter pit and senescent breakdown based on size, maturity, and mineral content of several apple cultivars (Autio et al., 1986; Fallahi et al., 1985; Marmo et al., 1985; . Shear (1972) showed that the incidence of cork spot was related inversely to the calcium content of leaves and fruit of 'York Imperial'.
A survey of the five major appleprocessing companies in Pennsylvania and Virginia indicated that the primary attribute determining the utility of 'York Imperial' apples was firmness after storage. Fruit processing opera-tions require certain minimal fruit firmness to produce an acceptable product. Our decision line can be adjusted up or down (with the same slope) if the operator wants to use another firmness value for decisionmaking. The poststorage firmness value we selected was more stringent than that used by many storage operators, and we were able to establish our storage temperature and gas concentrations rapidly after harvest. In situations where apples are cooled more slowly or left in an unsealed CA room while additional fruit are added, the fruit would soften more quickly. This would, of course, lead to a greater number of misclassifications of fruit samples.
Storage operators and processors compensate growers for their fruit according to the USDA grade determined at harvest, but this does not measure quality for storage. Storage operators typically remove an additional fruit sample for measurements of quality characteristics, such as firmness, starch rating, or internal ethylene concentration, upon which storage decisions are based. They could use our decision lines to assist with storage allocation of 'York Imperial' apples. Fruit with firmness and soluble solids values below the line would be placed in short-term storage or processed immediately.
Storage operators could generate decision lines that would be accurate for their own storage conditions by keeping records of prestorage firmness and soluble solids concentrations and poststorage firmness for representative samples of apples for 2 to 3 years. These data could be used to generate regression equations similar to those in the legend of Fig. 1 using common software packages such as Lotus 1-2-3 or Microsoft Excel. The equations then could be used to produce a decision line similar to that shown in Fig. 1 or to predict poststorage firmness of individual lots of apples upon receipt.
